Abstract. The ecology of Aulacoseira (formerly Melosira) granulata and its different forms in ~30 reservoirs scattered throughout Spain has been analysed. Nutrient concentration explained a significant proportion of the variation in cell characteristics. In general, there is a tendency to find large cells with less densely areolated valves in nutrient-rich waters. Ecological differences between the type and its variety angustissima mainly concern calcium concentrations Aulacoseira granulata showed a unimodal response to the concentration of calcium, and preferred lower concentrations of calcium than the variety angustissima. The ecological differences between the a and -y forms (statuses) of A.granulata were also the object of our investigation. The y status occurred in all the reservoirs studied in summer, but in only 3 of 28 reservoirs studies in the overturn period. Light and turbulence explained the ecological differences observed between the two forms. The y status showed a certain preference for less turbulent waters compared with the a status, which is a more cosmopolitan form in its requirements.
Introduction
Aulacoseira granulata (Ehrenberg) Simonsen is a widespread centric diatom in the phytoplankton of lakes, reservoirs and rivers, mainly in carbonate-rich, moderately eutrophic waters (Kilham and Kilham, 1975; Margalef, 1983) . In several Spanish reservoirs, A.granulata accounts for an important part of the phytoplankton biomass, mainly during the overturn period (Sabater and Nolla, 1991) . Morphological variability in the genus Aulacoseira concerns not only the dimensions, but also the structural patterns of the cell valve (e.g. Stoermer et al., 1981; Kozhova et al., 1982) . The number and size of the areolar structures in A.granulata and other species of the genus [such as A.italica (Ehr.) Simonsen, A.islandica O.Miiller, A.ambigua (Grun.) Simonsen] show different patterns, known as morphotypes or statuses. Three statuses have been described for filaments of A.granulata: a, for those having cells with a coarse areolar pattern, 7 when cells have a finer areolar pattern and p" for filaments having cells of the two statuses simultaneously (Hustedt, 1930) . However, several intermediate forms are usually apparent when observing natural populations. Such a variability led Margalef (1983) to suggest that morphs in granulata were interrelated and formed part of a whole polyploidic series. On the other hand, taxonomic differences between granulata and its usually co-occurrent variety angustissima (O.Miiller) Simonsen have often been questioned. Kilham and Kilham (1975) suggested, on the basis of laboratory cultures, that the variety angustissima was a morphologically smaller form of A.granulata, but was not genetically distinct. Vodenicharov and Temniskova-Topalova (1985) carried out biometric analyses in natural populations, from which they argued that morphological differences between the type and the variety were not sufficient N.C6mez, J.L.Riera and S. Sabater to justify the perpetuation of the variety angustissima. However, taxonomists and ecologists still support, in general, the existence of the variety angustissima as a narrow form of A.granulata.
Whatever opinions or preferences can be sustained with respect to the taxonomic nature of A.granulata, it is obvious to the ecologist dealing with natural populations of A.granulata that the species displays a great variety of morphological variations. The detection of definite ecological trends that could relate to the occurrence of each variety and morph remains to be achieved. Although some attempts to relate the occurrence of the different forms to environmental variables have been made (Kilham and Kilham, 1975; Stoermer et al., 1981) , clear relationships have not yet been established. Whether this finding would occur could provide further insight into the use of the different forms, such as indicators of definite environmental situations.
In this paper, we attempt to relate the occurrence, abundance and morphometric variability of A.granulata to environmental factors. We make use of a database of 101 Spanish reservoirs that covers most of the variation in hydrology, chemistry (Armengol et al., 1991) and biology (Sabater and Nolla, 1991; de Manuel and Jaume, 1994) of Spanish reservoirs (Riera et al., 1992) . Our database consists of measurements carried out during both the overturn and stratification periods, thus encompassing the two ecologically most significant periods of the year. We have explored the relationships between the morphometric data and 19 measured environmental variables. Finally, we applied multivariate analysis to determine the relationships between the abundance of the type, the variety angustissima and the morphs of the type, and the measured environmental variables, and modelled their responses to the individual variables that best explain the observed variation.
Study area
The area covered by this study comprised peninsular Spain and contains nearly 1000 reservoirs, of which 10% were selected for an extensive limnological investigation. Igneous and metamorphic rocks are prevalent in the western part, while calcareous bedrock covers extensive areas in the east, and recent sedimentary materials occur at the major river basins (Ebro, Duero, Tajo, Guadiana, Guadalquivir and Jucar). Climatically, a pluvial gradient can be recognized that extends from the northwest, with Atlantic influence, towards the southeast, with a Mediterranean climate that becomes semi-arid in the southeast.
The chemistry of surface waters in this area varies widely, and is largely dependent on the geology and hydrology of the reservoir watersheds (Armengol et al., 1991) . Reservoirs located in the northwestern and western parts of the peninsula generally have soft waters. Northeastern reservoirs have waters with higher alkalinity and the ionic composition is dominated by bicarbonate. Southeastern reservoirs tend to have even higher alkalinities and their relative ionic composition is dominated by sulphate. Finally, a number of reservoirs, mainly located in southern Spain, present high conductivity values, due to either sulphate or chloride which originate from the weathering of evaporites in their catchment areas.
Method

Study sites and sample collection
Reservoirs were selected to represent all major river basins and river districts in Spain, as well as a variety of reservoir types according to their morphometry and the characteristics of their catchment areas (Margalef et al., 1976; Riera et al., 1992) . Reservoirs ranged widely in morphometry (maximum volume ranged from 1.5 x 10 6 to 3237 x 10 6 m 3 ), altitude (35-1111 m a.s.l.) and catchment area (130 x 10 6 to 82 246 x 10 6 m 2 ). Hydraulic residence time ranged from <1 h to >10 years. Headwaters and mainstem reservoirs were also well represented in the selected set. Every reservoir was visited on two occasions, in winter 1987-88 and in summer 1988, in order to characterize the periods of overturn and stratification. Detailed accounts of the study sites, sampling design and analytical techniques have been given elsewhere (Riera et al., 1992) .
Sample preparation, identification and measurement
Phytoplankton samples were collected at 5 m depth in each reservoir and sampling occasion (Sabater and Nolla, 1991) . Between 30 and 40 filaments per sample were used to measure the length of the filament and the number of cells per filament. Quantitative samples of the same set of reservoirs were sedimented and counted under the inverted microscope to obtain the absolute and relative abundance of A.granulata. Only samples that contained A.granulata in sufficient numbers [i.e. >200 individuals (ind.) ml" 1 ] for reliable statistical analysis were selected. In the laboratory, aliquots of these samples were acid cleaned and subsequently used to prepare permanent slides. Because of the acid cleaning, the p-forms (i.e. filaments where a-and -y-cells occur simultaneously) could not be detected. The following variables were measured in 100 cells per sample: valve diameter, mantle height, number of pervalvar rows and number of mantle areolae. Moreover, the surface area and volume of the cells were calculated from diameter and mantle height by applying geometric formulae. The identification of the taxa and status followed the criteria given by the monographs of Hustedt (1930) and Krammer and Lange-Bertalot (1991) .
Environmental variables
We selected those environmental variables that are known to affect the phytoplankton dynamics and community structure (Reynolds, 1984) . Physical factors included the hydraulic residence time of the reservoir, the mean water temperature in the mixed zone, the turbidity (expressed as the logarithm of the inverse of the Secchi disk depth), and the ratio between the photic depth (considered as that to which 1% of photosynthetically active incident radiation penetrates) and the mixing depth (calculated from the thermal structure of the water column) in each reservoir. The water chemistry values are arithmetic averages of the trophogenic zone. pH, alkalinity (in ^eq I" 1 ) and conductivity (in ^.S cm"') were determined on site. The remaining analyses were carried out at the laboratory on unfiltered water subsamples preserved at -20°C. In addition, subsamples for the analyses of cations were spiked with an acid solution of lanthanum chloride before freezing them. Chloride and sulphate (expressed in u.eq I"') were analysed by ion chromatography. Potassium and magnesium (also expressed in \ieq I" 1 ) were determined by atomic absorption spectrometry, and calcium (expressed in u.eq I"') and total labile iron (in u,mol r 1 ) by inductively coupled plasma spectrometry. Nutrients were analysed by standard colorimetric methods (Koroleff, 1983 ) using a Technicon Analyzer AAII. The nutrients measured (all in u,mol r 1 ) included total reactive phosphorus (TRP), total phosphorus (TP), dissolved inorganic nitrogen (DIN) and total reactive silicon (TRSi). Samples for the analysis of TP were predigested with acid solution. Biological variables included the biomass of primary producers (such as chlorophyll a), the biomass of herbivorous crustaceans (in u,g dry weight I" 1 ) and the mean biomass of crustaceans (in u.g dry weight ind.~') as an index of the crustacean community structure (Carpenter et al., 1991) . Chlorophyll a was extracted with 90% acetone and analysed by HPLC following the procedures of Mantoura and Llewellyn (1983) . After inspection of their frequency distributions, all these variables were logarithmically transformed, with the obvious exception of pH, and of the hydraulic residence time, to which a power transformation (0.2) was applied, following the criterion of Box and Cox (1964) .
Numerical analyses
Because the relationships between morphometric and environmental variables were found to be linear, these were studied using redundancy analysis (RDA) with forward selection of environmental variables and unrestricted Monte Carlo permutation tests (P < 0.05). Separate analyses were carried out for the overturn and stratification periods. RDA is a multivariate direct gradient analysis technique akin to canonical correlation analysis (Van den Wollenberg, 1977) . The values of the morphological variables were, in this case, arithmetic averages of individual cell measurements within each reservoir. Canonical correspondence analysis (CCA) with forward selection of environmental variables and unrestricted Monte Carlo permutation tests (P < 0.05) was used to select the minimal subset of variables that could explain the largest amount of variation in the occurrence and abundance of A.granulata status a and 7, and A.granulata var. angustissima. CCA is a direct gradient analysis technique that assumes an underlying unimodal response of the taxa along the environmental gradients. The fact that univariate unimodal responses were found between the abundance of each taxon and certain environmental variables warrants the use of CCA for this ordination. CCA provides a simultaneous ordination of samples, taxa and environmental variables. In this technique, ordination axes extracted from the species data are constrained to be linear combinations of environmental variables. The results of the analyses were evaluated by examination of intraset correlations and by inspection of biplots. RDA and CCA were performed using the computer program CANOCO (ter Braak, 1987) , version 3.1 (ter Braak, 1990) . After the selection of variables, the responses were analysed in a univariate fashion. Locally weighted least-squares regression (LOWESS; Cleveland, 1979) was used to examine the underlying response model (linear or unimodal). Separate analyses were performed for the two sampling periods.
Results and discussion
Of the 101 reservoirs studied, A.granulata (such as the nominate variety or some of its forms) occurred abundantly in 28 during the overturn period, but in only seven during the stratification period. From this record, the nominate variety occurred in 21 reservoirs during the overturn and seven during the stratification, while the variety angustissima appeared in 14 and 6 reservoirs, respectively. Table I gives the optima (weighted averages) and tolerances (weighted SDs) of this diatom to the environmental variables measured in this study. Aulacoseira granulata occurred in mesotrophic, moderately alkaline reservoirs. These reservoirs were inhabited by mesotrophic and eutrophic-tolerant phytoplankton assemblages, according to the classification of Sabater and Nolla (1991) . The distribution of A.granulata in Spanish reservoirs is, therefore, in agreement with previous studies of the autecology of this diatom (Tailing, 1969; Kilham et al., 1986) : well-mixed, moderately eutrophic waters.
Means and SDs of the morphometric variables measured in A.granulata are shown in Table II . To test for differences between seasons (overturn and stratification) and between taxa, we applied a model of ANOVA with two fixed factors. Because differences among reservoirs might unduly increment the error term, we introduced this source of variation as a random factor, and evaluated the significance of each factor using type III sums of squares (Statistical Analysis Systems Institute, 1989) . The two variables measured on the filament (length of the filament, number of cells per filament) varied significantly between seasons (P < 0.0001), but not between taxa. Variables measured on the cell (diameter, mantle height, number of rows and number of areolae) differed between the taxa, but only the means of numbers of areolae were significantly different between seasons, while differences in the numbers of rows were marginally significant (P < 0.080). The ratio between the mantle height and the diameter was 2.68 for A.granulata and 5.14 for the variety angustissima. The mean diameter for A.granulata was 5.3 ^m, while for the variety angustissima it was 3.0 jim. These values are the lowest range reported for this species (Krammer and Lange-Bertalot, 1991) . A point of interest is that these values are lower than those observed in a previous study (Margalef et al., 1976) of the same set of Spanish reservoirs (R. Margalef, personal communication) . To test that, we randomly chose 12 samples from 1975-76 and measured the diameter in ~100 cells per sample. The mean diameter was 8.43 ^m, much wider than in the more recent samples. Aulacoseira granulata var. angustissima was scarce in the earlier samples. 
Environmental factors affecting the morphometric variables
The relationships between morphometry and environmental variables were analysed separately for each taxon. RDA was used, and biplots for the two RDA are given in Figure 1 . Of the 19 environmental variables entered in the analysis, only two (in the type) and three (in the variety angustissima) explained a significant (P < 0.05) proportion of the morphometric variability in these taxa (Table III) . Environmental variables that were marginally significant (P < 0.15) were also positioned in the joint plot by transition formulae (ter Braak and Prentice, 1988) . The variance explained by the environmental variables was 43.6% in angustissima and 26% in granulata.
In both cases, temperature was the variable that explained most variation. In agreement with the differences between seasons and taxa noted above, the variation explained is mainly associated with the number of cells per filament and the filament length, therefore reflecting seasonal differences, probably associated with the greater water column stability in summer: filaments were longer in the stratification period than in the overturn period.
The concentration of nutrients appears to be related to cell dimensions (Figure 1) . TRP was selected for granulata, and both TRP and DIN for angustissima. In both cases, nutrients are positively correlated with mantle height, and negatively with the number of rows and the number of areolae. Valve diameter is positively correlated with DIN in both taxa and, in angustissima, negatively correlated with TRSi. According to this analysis, nutrient-rich waters tend to have larger cells, with less densely areolated valves. A similar relationship between nutrient status and the density of areolae was observed by Theriot and Stoermer (1984) in Stephanodiscus niagarae populations, suggesting a greater difficulty in obtaining reactive silica in mass developments. The observed linking with size seems to be in agreement with the recognized general relationship between growth rate, nutrient uptake and nutrient storage pool size with cell size (Banse, 1976; Harris, 1986) . The increase in cell dimensions corresponds to a decrease in the surface area:volume ratio (SA:V). Therefore, one should expect to find smaller, more efficient cells in nutrient-rich waters, where their higher SA:V offers them an advantage. However, these relationships are indeed difficult to establish from field-based studies, and conclusions should be reached with caution. Previous studies concerning the relationship between size and nutrient status in centric diatoms are, to some extent, contradictory (Margalef, 1969; Theriot and Stoermer, 1984) . Surprisingly, neither temperature nor salinity was associated with variations in cell dimensions. These two variables have been found to influence cell diameter strongly in other centric diatoms, such as Cyclotella and Stephano discus (Margalef, 1969; Schultz, 1971; Geissler, 1982; Sabater, 1991) . It is difficult to explain such different behaviour in A.granulata.
Is there any ecological difference between the type, the variety angustissima and the status?
Ecological differences between the type, its variety angustissima, and morphs a and -y have been explored through CCA. Figure 2 shows the biplot resulting from CCA. Using forward selection in CCA, 5 out of 21 environmental variables make significant (P < 0.05, 99 unrestricted permutations) individual contributions to explaining the occurrence and abundance of the different forms. Together, they explain 73.6% of the variation. In order of incorporation, these variables are: calcium, temperature, photic depth to mixing depth ratio, TRSi and mean biomass of herbivorous crustaceans. In a biplot, the projection of the score of a taxon onto the vector of an environmental variable approximates its optimum relative to all other taxa. It has to be considered that vectors do not stop at the origin, but can be visualized as extending through the origin, in the opposite direction. Weighted averaging optima and tolerances are given in Table  IV .
Aulacoseira granulata var. angustissima is clearly separated from A.granulata (both a and 7) along a gradient of calcium. Although calcium is strongly correlated to variables such as conductivity, alkalinity or pH, in these reservoirs calcium is the variable that most clearly separates the two taxa. A plot of the abundances of the variety angustissma and the type against the concentration of calcium (log-transformed) shows that the type is likely to be found in waters with lower calcium concentration (200-1000 jxeq 1~'), and that it presents a unimodal response with respect to this gradient, as shown by a LOWESS fit (Figure 3) . Conversely, the variety angustissima tends to appear at slightly higher calcium concentrations (2500-6000 jieq T 1 ). Our observations support those of Tailing and Rz6ska (1967) in the River Nile. They recorded that the seasonal development of A.granulata could encounter limitations in CO 2 uptake associated with high pH. In such a situation, the variety angustissima was selected against the type. Tailing and Rz6ska (1967) suggested that the higher SA:V ratio of angustissima could explain the physiological advantage. Values for this ratio in the Spanish reservoirs were as high as 2-or 3-fold in angustissima than in the type. The importance of calcium in the distribution of centric diatoms has already been noted by Sabater (1991) , who found that Cyclotella ocellata and C.comta can be arranged along a gradient of increasing calcium concentration in the same set of reservoirs. More generally, Margalef et al. (1976) and Sabater and Nolla (1991) found that the gradient of alkalinity, and hence of calcium, which extends from northwest to southeast Spain is the most important factor, followed by trophic state, that is related to the distribution of phytoplankton in Spanish reservoirs. Calcium abundance is also related to the zooplankton filter community. The number of species and the community biomass of herbivorous crustaceans are higher in calcium-rich waters of Spanish reservoirs, mainly in relation to the micro-filter species (Jaume, 1993) . The two studied statuses (a and 7) of the type show similar optima for calcium, but are clearly separated by temperature and the photic depthrmixing depth ratio. The influence of temperature is obviously associated with seasonality. In the overturn period, the a status was by far the most common and abundant. Only 3 out of 28 reservoirs presented the 7 status. In contrast, both statuses occurred in all the reservoirs studied in summer. In this period, the a status was the most abundant, always accounting for >75% of the abundance of the type. The a status was also associated with waters richer in TRSi, although this could also be related to seasonality, as the concentration of silicate was typically higher during the overturn. Stoermer et al. (1981) found that the a status is more common in nearshore, nutrient-enriched areas of the Great Lakes, whereas the 7 status appeared more frequently in offshore, nutrientdepleted areas. This is consistent with our finding that the 7 status was more frequent in summer, when the concentration of silicate was depleted. Also associated with seasonality, the effect of the photic depth:mixing depth ratio in discriminating the abundance of the two statuses (Figure 4 ) focuses on the importance of light and turbulence as the physical factors likely to explain the observed ecological differences between the two. While the a status appeared to be scattered in a wide range of the photic depth:mixing depth ratio, revealing it as a more cosmopolitan form, the abundance of the 7 status increased rapidly, , (n = 9, r 2 = 0.6, P < 0.05).
corresponding to a parallel increase in the ratio. The higher abundances for 7 corresponded to values of the ratio of 0.5-1, therefore revealing that its proliferation occurred in the least turbulent waters among the reservoir set where A.granulala can still develop.
